Abstract Nickel migration measured in laboratory-scale, natural soil column experiments is shown to display anomalous (non-Fickian) transport, nonequilibrium adsorption and desorption patterns, and precipitation/dissolution. Similar experiments using a conservative tracer also exhibit anomalous behavior. The occurrence of ion exchange of nickel, mainly with calcium (but also with other soil components), is measured in both batch and flow-through column experiments; adsorption and desorption isotherms demonstrate hysteresis. Strong retention of nickel during transport in soil columns leads to delayed initial breakthrough ($40 pore volumes), slow increase in concentration, and extended concentration tailing at long times. We describe the mechanisms of transport and retention in terms of a continuous time random walk (CTRW) model, and use a particle tracking formulation to simulate nickel migration in the column. This approach allows us to capture the non-Fickian transport and the subtle local effects of adsorption/desorption and precipitation/dissolution. Consideration also of preferential pathways accounts for the evolution of the measured breakthrough curve and measured spatial concentration profiles. The model uses non-Fickian transport parameters estimated from the conservative tracer and, as a starting point, adsorption/desorption parameters based on batch experiments and a precipitation parameter based on K sp values. The batch parameters are found to underestimate the actual amount of adsorption. We suggest that the sorption and precipitation/dissolution dynamics, and resulting breakthrough curves, are influenced strongly by preferential pathways; such pathways significantly alter the availability of sorption sites and ion availability for precipitation. Analysis of these results provides further understanding of the interaction and dynamics among transport, precipitation, and sorption mechanisms in natural soil.
Introduction
The presence of heavy metals in the soil-water environment introduces serious threats to humans by its mobility, persistence, and toxicity. Transport of heavy metals in saturated soil varies widely and depends upon their interaction with soil constituents, primarily by sorption and precipitation processes.
Metals display a range of retention behaviors, with a tendency to adsorb on clay minerals and other natural porous media surfaces, and to precipitate with available ions in soil. Several mechanisms are in play at the solid/liquid interface, including precipitation, cation exchange at the permanently negatively charged sites on the clay fraction, and/or adsorption at specific sites [Sposito, 1989] ; cation exchange can be regarded as a particular case of sorption. Because soils are heterogeneous in nature, kinetic and equilibrium partitioning of solutes are often measured under batch conditions. Accordingly, extensive empirical quantification studies of heavy metal (mostly Cd, Zn, Ni) sorption and affinity to different materials in soil and water solution have been carried out [e.g., Tiller et al., 1984; Dube et al., 2001; Hinz and Selim, 1994; Hoffmann and Stipp, 2001; Lakshtanov and Stipp, 2007] . Often, the soil composition is the dominant factor governing metal mobility [e.g., Tyler and McBride, 1982; Selim and Zhang, 2013; Businelli et al., 2004] . Precipitation and dissolution of metals in soil has also been investigated; see McBride [1989] for a detailed discussion on the fate of metals in soil and Ford et al. [2001] for modeling and analysis of precipitation/dissolution processes. In particular, Roberts et al. [1999] examined the precipitation sensitivity of Ni to pH via X-ray absorption fine structure.
Preferential pathway phenomena have been determined at the field scale, and measured in experimental setups such as Levy and Berkowitz [2003] , in flow cells packed with both heterogeneous and homogenous porous media. At the millimeter scale, preferential pathways have been demonstrated in sandstone on the basis of micro-CT imaging [Bijeljic et al., 2013] . Significantly, the occurrence of preferential pathways has been demonstrated even in ''highly homogeneous'' sand columns, using sequential MRI measurements [Hoffman et al., 1996; Oswald et al., 1997] . Indeed, preferential pathways are an inherent feature in porous media, affecting both fluid flow and solute transport behavior. A detailed study of preferential pathways is given by Edery et al. [2014] , who showed through numerical simulations that in some heterogeneous porous media, more than 80% of the total flow can be concentrated within preferential pathways. Moreover, these pathways tend to converge within relatively short distances from the inlet, with the majority of the flow subsequently contained within only a few pathways. In this context, a clear relation among continuous time random walk (CTRW) parameters (see below), the preferential pathways, and anomalous transport was demonstrated by Edery et al. [2014] ; this relation holds as we transition from the non-Fickian regime to the Fickian limit.
Modeling transport of heavy metals in soil is commonly performed with advection-dispersion equation (ADE)-based models. These include the chemical information obtained from batch experiments, which describe the kinetic and/or equilibrium partitioning. Employing these independent parameters in transport models often cannot capture both the delayed solute elution and long tailing in breakthrough curves [Selim et al., 1989; Cern ık et al., 1994; Hinz and Selim, 1994; Pang and Close, 1999; Zhang and Selim, 2006; Chotpantarat et al., 2011] . Moreover, the use of batch parameters alone is often not sufficient for description of multicomponent environments. In these cases, incorporation of detailed models is necessary; in this context, studies have considered, for example, a time-dependent model of competitive ion exchange (which can be regarded as a particular case of sorption) and specific sorption of Cd [Selim et al., 1992] , use of separate batch parameters for adsorption and desorption of Ni (with desorption being roughly 1 order of magnitude smaller) [Liao and Selim, 2010] , an equilibrium cation exchange/specific sorption model for Ni, Cd, and Zn [Voegelin et al., 2001] , reversible and irreversible components of the reactions of As [Zhang and Selim, 2006] , and a two-site approach, in which one fraction of the sites interacts instantaneously and the other fraction is time dependent, for Cd, Pb, Mn, Zn, and Ni [Pang and Close, 1999; Chotpantarat et al., 2011] . However, as noted in these studies, such models do not provide a full accounting of breakthrough curve behavior. The studies above did not consider precipitation of metal in soil, although other studies have suggested its occurrence specifically for Ni [e.g., Peltier et al., 2006; Yamaguchi et al., 2001] .
A recent study [Rubin et al., 2012] showed that a CTRW transport equation can capture the delay caused by sorption processes for a brominated flame retardant (TBNPA) in column experiments. In parallel, Edery et al. [2010 Edery et al. [ , 2011 showed the advantages of a CTRW particle tracking approach in capturing reactive transport processes for bimolecular and multispecies (precipitation/dissolution) reaction phenomena. Detailed discussion on various, related approaches for modeling reactive transport-including dual-domain and multirate mass transfer formulations-can be found in a review by Edery et al. [2013] .
The aim of the current study was to understand the detailed interaction of nickel with soil, using a combined approach that involved both detailed measurements and explicit modeling, as described in the following. Nickel transport and retention were measured in natural soil columns, with emphasis on the accurate measurement of the full breakthrough curves; spatial concentration profiles along the soil column were also obtained. Parallel measurements with a conservative tracer (bromide) were performed as a benchmark. Batch experiments were performed to examine sorption dynamics and determine adsorption/ Water Resources Research 10.1002/2015WR016913 desorption isotherms. Previously, it has been shown that Ni retention during transport is governed by kinetic properties [Zhang and Selim, 2006; Liao and Selim, 2010] . To gain further insight into the complex interactions of Ni with other elements in soil during transport, ion exchange, and/or leaching of Na, Mg, K, Al, Ca, and Fe both in batch (equilibrium) conditions and during transport were also measured. Note that nickel is often more mobile than, e.g., Pb [Chotpantarat et al., 2011] , Cu, and Zn, and less mobile than, e.g., Cd [Tyler and McBride, 1982] , recognizing that relative mobility often depends on soil pH, composition, and other properties.
The conservative experiment measurements were fit with the solution of a CTRW transport equation, to characterize transport in the natural soil and determine transport parameters. A particle tracking form of CTRW was employed to quantify the overall sorption-dominated transport behavior, both spatially and temporally. Use of this particle tracking model allowed explicit accounting of pore-scale processes under the varying geochemical conditions along the column. By determining local equilibrium states and concentrations, the particle tracking simulation described the macroscale (column) phenomena. The model incorporated qualitative and quantitative measurements of sorption based on the batch experiments, as a starting point; then, precipitation and sorption were explicitly modeled, based on critical insight from the multicomponent measurements, and additional geochemical calculations. Finally, we consider in detail the occurrence of preferential pathways, which strongly influence precipitation and sorption dynamics through the column. The analysis techniques proposed here may be further applied to the description of migration of other metals in soil.
Sections 2 and 3 describe experimental methods and modeling approaches. In section 4, we first describe results from the batch experiments, and then examine the column experiments, developing a modeling analysis of the column experiments on the basis of a synthesis of transport and geochemical measurements. Section 5 provides further discussion of the batch and column experiments in the context of the modeling analysis.
Batch and Column Experiments

Materials and Chemical Analyses
Bet Dagan (Israel) soil, a representative sandy loam, Mediterranean red soil (Rhodoxeralf), was sampled from the upper 10 cm layer and sieved by 60 mesh sieve (maximum grain size 250 mm). A fraction of 8.9% of the dry soil mass is smaller than 125 lm and 6.3% is smaller than 63 lm. The soil is characterized by 16.2% clay, 6.3% silt, 77.5% sand, and 1.2% organic carbon [Ben-Moshe et al., 2013] .
Bromide (KBr; Sigma, 99.9%) was employed as a conservative tracer in the experiments; nickel transport was investigated using solutions of nickel(II) chloride hexahydrate (Merck, 98%). In all batch and transport experiments, double-deionized water (DDW) was employed, with resistivity of 18.2 MXÁcm.
Bromide concentrations were analyzed using a high-performance liquid chromatography (HPLC) system (Waters 1525 binary HPLC pump) equipped with an Alltech conductivity detector, Model 650. The anion separation was done on an Alltech Allsep Anion 7l analytical column (100 mm 3 4.6 mm ID). The mobile phase was 4 mM hydroxybenzoic acid in DDW, at pH 7.5 with LiOH, and a flow rate 1 mL/min. Multielement analysis to determine concentrations of nickel and more than 20 different elements was performed by ICP-MS (PerkinElmer ELAN 9000), by measuring the presence of dissolved elements in solution. The limit of quantification for the ICP-MS measurements was <1 lg/L and samples were diluted to fit concentrations ranging between 1 and 1000 lg/L. Calibration curves were determined based on analysis of a standard solution of 22 elements before each set of sample analysis. Each sample was analyzed in six replicates by the ICP-MS. The handling, collection, and preparation of solutions throughout the experiments were done by ICP-suitable labware to avoid contamination.
Batch Experiments
Three sets of batch experiments with nickel solutions and Bet Dagan soil were carried out, each in triplicate, to determine the sorption isotherm for nickel. Adsorption of bromide on the soil was found to be negligible.
The first set of experiments measured nickel adsorption kinetics by shaking 100 g of soil with 1 L of 100 ppm nickel solution at 200 rpm for 1 week. During this time, samples of 2 mL each were filtered and diluted
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with 1% HNO 3 solution, and their concentration was measured by ICP-MS; the pH of each sample was also measured over time. In parallel, two control experiments were carried out; the first included soil and DDW only, to check for natural presence of nickel in soil, while the second examined possible adsorption to the reaction vessels by shaking the nickel solution with no soil.
The second set of experiments measured the nickel sorption isotherms for both adsorption and desorption paths. Adsorption was measured by mixing 3 g soil with 30 mL nickel solutions of seven initial concentrations (1000, 500, 100, 50, 10, 1, and 0.5 ppm) at pH 7, in 40 mL glass vials with TeflonV R caps. Control samples were prepared with (a) soil and DDW only, to check for the natural presence of nickel in soil, and (b) the highest initial concentration with no soil, to check possible adsorption to the reaction vessels. Samples were shaken for 1 week at 250 rpm, and then filtered through 0.45 mm syringe filters (Millex Millipore made from PVDF). The filtered samples were diluted with 1% HNO 3 solution, and their concentration was measured by ICP-MS. To further measure the desorption path, the soil-water mixture was centrifuged, and the soil was removed and sealed in a clean 40 mL glass vial. The water mass fraction was calculated by oven drying a part of the wet soil sample overnight. Accordingly, DDW was added to the soil sample by keeping the ratio of 1 g dry soil to 10 mL DDW. Vials were shaken for 1 week and the concentration in solution was analyzed as before.
The third set of experiments measured the nickel mass sorbed onto the soil, by extraction, together with corresponding nickel concentrations remaining in solution. Nickel solutions of 100, 10, 1, and 0 ppm concentration and 50 mL volume were shaken with 5 g of Bet Dagan soil for 3 h at 250 rpm. A 100 mL sample was collected from the solution, filtered through 0.45 mm syringe filters, diluted, and its concentration was measured. A soil sample was removed by centrifuge, weighed, oven dried, and reweighed, and added to 30 mL of 1 M HNO 3 . The soil and nitric acid solution were shaken overnight, and then the concentration of nickel and other elements was measured. This method recovers >90% of the nickel mass supplied, with a linear relation between the mass supplied and the mass extracted.
Column Experiments
Laboratory-scale transport experiments were carried out in vertically placed columns packed with Bet Dagan soil. Plexiglas columns were used for the transport experiments of nickel and bromide, with dimensions of 20.0 cm length and 2.50 cm internal diameter; adsorption of nickel and bromide on the columns was negligible (Appendix A). The soil porosity in the saturated column was $0.40, determined by comparing dry and water-saturated soil columns; a similar value of porosity was calculated by fitting the peak of the bromide breakthrough curve to the ADE. Prior to each experiment, the column was packed with airdried soil and DDW was injected from the bottom of the column at rate of <0.1 mL/min to fully saturate and initially stabilize (overnight) the column.
Tracer solutions were pumped with a HPLC pump (Prep 100 Cole Parmer) from the column bottom to the outlet at the top, where samples were collected automatically using a fraction collector (ISCO Foxy Jr.). To prevent adsorption of the solute onto the solid materials, Teflon V R tubing was used. Input solutions to the column were switched between DDW, and a solution of bromide or nickel, using a three-way valve. The bromide and nickel transport experiments were performed with flow rates of 2.0 and 6.0 mL/min, with inlet concentrations of 100 ppm each of bromide and nickel. The reproducibility of the measurements was well within the variability range of natural soils in repacked columns [Lewis and Sjostrom, 2010] . It is noted that as commonly employed, ''faster than natural'' flow rates were selected to allow reasonable experimental and computational time frames, while the soil packed into the column was relatively homogeneous; such an arrangement has been shown to enable development of preferential flow conditions (e.g., even for sand columns) [Hoffman et al., 1996; Oswald et al., 1997] , analogous to those found in natural systems, as discussed below.
In addition, column experiments that measured the spatial profile of nickel along the column were performed. In these experiments, the flow rate was 6.0 mL/min, and the effluent concentration was measured as before. The flow was stopped at either of the two times, 4.5 and 30 h, at which point the soil was removed from the column by pushing a piston along the column at 1 cm intervals. The water saturation of the soil slices was calculated by measuring the wet and oven-dried mass. Extraction of nickel was performed as in the batch analysis (see section 2.2) by adding 30 mL of 1 M HNO 3 to the soil sample, shaking overnight, and measuring the concentrations of nickel and other elements. Reported amounts of nickel comprise both nickel in solution and the adsorbed fraction.
Water Resources Research
10.1002/2015WR016913
3. Modeling Approaches
CTRW Partial Differential Equation
The continuous time random walk (CTRW) framework has been proven to be a highly effective tool to describe non-Fickian behavior of chemical species flowing through porous media [Berkowitz et al., 2006] . In CTRW, transport is viewed as a sequence of particle transitions with displacement s and time t with a probability density function (pdf) w s; t ð Þ. For a concise derivation starting from a simple random walk and leading to a partial differential equation for transport, see Berkowitz et al. [2006] . For a decoupled form of the transition time pdf, i.e., w s; t ð Þ5w t ð Þp s ð Þ, the transport equation in Laplace space (denoted by $ and Laplace variable u) is
where v w 5 1 t Ð 1 0 p s ð Þsds is the tracer transport velocity (distinct from the fluid velocity), D w 5
is a ''memory'' function, and t is a characteristic transition time [Berkowitz et al., 2006, and references therein] . The function w t ð Þ is defined as the probability rate for a transition time t between sites. Its determination lies in the heart of the CTRW as it determines the nature of the transport.
The truncated power law form of w t ð Þ has been applied successfully to a wide range of physical scenarios [Berkowitz et al., 2006] . The ''cutoff'' of the power law allows a transition from anomalous behavior to Fickian behavior at longer times. The truncated power law form can be written as w t ð Þ5 n t1
where n5 t1 t2
is a normalization factor, b is a measure of the dispersive nature of the transport, t 1 is the characteristic transition time (approximated to t above), t 2 is a ''cutoff'' time (>t 1 ), and C a; x ð Þ is the incomplete gamma function. Note that w t ð Þ $ t=t 1 ð Þ 212b for t 1 ( t ( t 2 , and decreases exponentially w t ð Þ $ e 2t=t2 for t ) t 2 . Fickian transport occurs for b > 2; as b becomes smaller, the transport becomes more dispersive.
This approach was used below to model the bromide breakthrough curves, to provide insight into the basic transport dynamics in the soil column.
CTRW Particle Tracking Approach
A complementary approach to the CTRW partial differential equation involves the Lagrangian perspective.
Here nickel (''particle'') movement is modeled by discrete steps, according to the equations 
In this study, we introduced non-Fickian transport through the w t ð Þas a truncated power law function, as described in section 3.1. For the spatial information, we employed the following pdfs:
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i.e., X / ð Þ is uniformly distributed between 2p=4 and p=4. The value of k s was calculated for the known v w and D w according to the expressions above [Dentz et al., 2008; Edery et al., 2011] . Here the values of v w and D w were estimated by employing the fitting parameters of the conservative tracer (bromide) fit.
In the simulations, the column was approximated as a two-dimensional domain (20.0 cm (length) 3 0.2-2.5 cm (variable width); see section 4.3 for details), divided into grid cells of size 1 mm 3 1 mm. We injected uniformly 10,000 particles per pore volume, which represent 100 ppm of nickel solution, at a constant rate for 10 h, to mimic the experimental conditions. Thus, each particle corresponded to 1.33 3 10 29 moles of nickel. The particles were transported according to the pdfs given above. An independent sampling time, Dt 5 6 s, was prescribed so as to combine sorption with transport, such that at each Dt, the sorption state of each particle was determined in ''midflight.'' This choice of Dt ensured that, on average, particles migrated from one cell to the next one downstream and did not ''bypass'' possible cells (see Edery et al. [2011] for details).
Simulation of retention was divided into two consecutive parts, namely sorption alone and sorption with precipitation/dissolution as a second-order chemical process. In the simulations, we first checked for precipitation/dissolution at each time step, and then sorption (see section 4.2.2 for further discussion). Precipitation and dissolution display a range of behaviors, depending strongly on pH and reactant concentration; therefore, a range of relevant, corresponding solubility product (K sp ) values was calculated according to the literature [Clark and Bonicamp, 1998 ]. Based on K sp , we calculated the expected amount of precipitated NiCO 3 given the solubility of CaCO 3 (see Appendix B for details), and then assigned Ni particles to precipitate or dissolve in each cell. Due to the relatively low amount of precipitation, soil porosity and thus the flow pattern were not changed in the model. To avoid possible immediate reprecipitation, a released particle was assigned a random transition to any adjacent grid cell.
Then, to account for sorption, the sorption state dictated whether each particle should be adsorbed (and immobilized) at its present location, or remain free to move. This was determined through analysis of the experimental adsorption isotherm data. For every nickel particle, the concentration of nickel in its grid cell was calculated, and its corresponding sorbed nickel capacity was determined, as an initial estimate, to be that of the isotherm curve (according to the fitted isotherm model, see section 4). If the expected sorbed mass was not reached, the particle was sorbed. If the sorption capacity was reached, the particle remained in the mobile phase. Similarly, the rule for the (initial) determination of desorption of particles was based on the desorption isotherm. The quantity of sorbed particles was checked for every grid cell, and sorbed particles were released if the nickel concentration in its surrounding was lower than the corresponding desorption isotherm concentration. A released particle was assigned a random transition to any adjacent grid cell so as not to be readsorbed in the same cell, as done for the treatment of precipitation/ dissolution. To account for the dynamic (nonequilibrium) conditions of nickel flowing through the soil column, which were different from those of the batch experiments (which were in full equilibrium), we modified the adsorption and desorption capacities in the grid cells. This is discussed in detail in section 4.3.
This approach was used to model the nickel transport and retention behavior, considering both the temporal breakthrough curves and the spatial concentration profiles as experimental constraints to the possible range of the fitting parameters (discussed in detail below).
Results
Batch Experiments 4.1.1. Dynamics of Nickel Adsorption
The dynamics of nickel adsorption on the soil are presented in Figure 1 ; the measurements demonstrated a fast equilibration process, such that the nickel concentration in solution decreased from 100 to 20 ppm within $20 min, and subsequently decreased slowly to 12 ppm. This behavior is significant, and plays a critical role in the transport experiments and modeling discussed below. Also shown in Figure 1 are measurements from the control experiments. The first control experiment, which included soil without addition of nickel, shows no natural presence of nickel in the soil. In the second control experiment, with no soil, the nickel concentration remained constant throughout the experiment, demonstrating no sorption to the vessel.
These dynamics are considered further in the context of the transport and sorption behavior of nickel in the flow-through soil columns discussed in sections 4.2 and 4.3.
Isotherms
Batch experiments were used to determine equilibrium sorption isotherms of nickel onto the soil, in a wellmixed reactor. Figure 2 presents the adsorption and desorption isotherms obtained as adsorbed mass, S eq , versus concentration in solution, c eq , at equilibrium. The isotherms demonstrate strong hysteresis, indicating some permanent adsorption and/or precipitation. The two lowermost concentrations yielded undetectable nickel concentrations in solution at equilibrium after adsorption.
The adsorption data were fitted to the Langmuir isotherm equation [Langmuir, 1916] , S eq 5
Seq max ÁKceq 11Kceq where S eq is the sorbed fraction at saturation, K is the equilibrium constant, and S eq_max is the maximum capacity for the sorbed fraction in the soil. In this model, at the limit of low concentrations (Kc eq ( 1Þ, the sorbed fraction increases linearly at rate K with increasing concentration, while at high solute concentration (Kc eq ) 1Þ, the sorbed fraction reaches its maximal capacity S eq_max . The fitted parameter values are S eqmax 5 3098 mg/ kg, and K 5 0.05495 ppm 21 , with R 2 5 0.995. The initial pH of the solutions was 6.5, and rose to 7 at equilibrium. In the control experiment, with no soil, the pH decreased to 6.0.
The desorption isotherm exhibits an equilibrium condition that corresponds to solution concentrations lower by at least an order of magnitude than those of the adsorption equilibrium concentrations. The desorption process comprises a fraction of mass that is sorbed irreversibly, at least relative to the experiment duration. Quantifying this effect is crucial for correct simulation of the long breakthrough curve tailing governed by desorption, as discussed below. We therefore fit the desorption curve to an empirical formula, using a tanh function of the logarithm of the concentration values. This functional form behaves differently from that described by the Langmuir model at low concentrations, allowing for a residue of sorbed fraction rather than a linear decrease with decreasing concentrations. In other words, this function allows for a ''plateau'' at low concentrations, as opposed to the Langmuir curve, which is linear in this range of concentrations. As a result, we avoid significant underestimation of the sorbed mass at the lowest concentration. The fitted expression is log S eq À Á 50:7469Átanh 1:406 Á log c eq 10:4798 À Á À Á 12:727. To the best of our knowledge, such a fitting approach has not been employed previously, possibly because most available studies do not consider such a large range of concentration values, and thus, nonlinear behavior has not been reported at low concentrations.
These isotherms are employed in section 4.2, to model the nickel transport and sorption dynamics in flowthrough soil columns.
Ion Exchange and Leaching
To determine ion exchange or leaching of nickel and soil components, we measured the concentration of nickel and other elements in solution after equilibration with the soil. Figure 3 shows the concentrations of nickel and other common elements in solution, as a function of initial concentrations of NiCl 2 . The results for nickel were consistent with the experiments reported in section 4.1.2. With regard to the release of other elements from the soil, it is seen that dissolved Mg concentration increased steadily as the concentration of NiCl 2 was raised. A moderate increase in solution concentration was found for the more soluble ions Na and K for the increase in Ni concentration. The concentration of Fe in solutions decreased dramatically and Al concentration was reduced almost to zero for the high NiCl 2 concentration case (100 ppm). It should be noted that Ca was seen to behave similarly to Mg, but a full data set for Ca is missing. In parallel to the above measurements, at the completion of each batch experiment, the solution was removed and nickel and other elements were extracted from the soil. The amounts of nickel and other elements are shown in Figure 4 ; other elements show no significant variation with nickel presence, while nickel was extracted linearly, recovering $90% of its initial mass.
These measurements demonstrate significant chemical interactions (ion exchange, leaching, and precipitation), which can be expected to play an important role in the transport and sorption dynamics of nickel in the flowthrough column experiments discussed in sections 4.2 and 4.3. This further suggests that it is not sufficient to measure only the nickel in solution, and that the release of other ions from the soil to the solution will have a major impact on the fate of nickel in the column. Moreover, it is noted that for transport experiments in which the system is far from steady state or equilibrium, constant changes in solution composition are expected and thus kinetic considerations should be used for interpretation of results. Figure 5 , for two flow rates. The bromide transport expressed weak non-Fickian (anomalous) behavior, observed in the form of concentration tailing at long times.
The breakthrough curves are shown with fits of the ADE; deviation of the ADE from the long tailing offers an estimate for the overall non-Fickian transport fraction, caused by inherent heterogeneities in the flow field. The breakthrough curves were thus fit using a solution of the CTRW transport equation, with a truncated power law w t ð Þ, described in section 3.1. As expected, the transport was slightly closer to Fickian at the slower flow rate (Figure 5a) , as exemplified by the slightly higher b value. The fitted b values (close to 2) for both flow rates indicate weakly non-Fickian transport, compared to other, more anomalous, cases of conservative tracer transport [e.g., Bijeljic et al., 2011; Rubin et al., 2012] . Note that the mean tracer velocity, v w , was larger than the fluid velocity; this is a common result [e.g., Bijeljic et al., 2011; Rubin et al., 2012] which accounts for tracer interactions with variable velocity regions in the column. Comparing the two flow rates, the quantities D/v and D w /v w were conserved (within $1% difference), confirming the assumption imposed as a constraint to fitting experimental data [e.g., Bijeljic et al., 2011] .
The parameter values for the conservative bromide transport, determined from the fits in Figure 5b , were employed in the analysis of the nickel transport with sorption experiments in the soil columns. In a previous analysis of transport with sorption of an organic compound [Rubin et al., 2012] , sorption effects were not quantified separately, so that values of v w and D w for conservative and reactive tracers varied because the breakthrough tail was caused both by velocity heterogeneity and variable capture/release rates of the tracer. In the present case, explicit quantification of sorption, ion exchange, and leaching processes, together with implementation of a CTRW particle tracking model, allowed use of these bromide transport parameters.
Nickel Transport
The results of nickel transport under two flow rates are presented in Figure 6 . In contrast to the transport of bromide, the migration pattern of nickel in the natural soil columns differed significantly. In the higher flow rate case (Figure 6b ), for example, the initial breakthrough occurred after over $45 pore volumes (a flow rate of 6 mL/min translates to a pore volume of $6.5 min), followed by a very slow concentration increase; similar results were reported by Liao and Selim [2010] and Chotpantarat et al. [2011] . Note the orders of magnitude in time scales, relative to the bromide breakthrough curves shown in Figure 5 . Moreover, because of the high sorption capacity of the soil for nickel (sections 4.1.1 and 4.1.2), it was necessary to employ inlet pulse durations of nickel that were significantly larger ($92 pore volumes) than those for the bromide experiments ($1 pore volume).
As seen in Figure 6 , when the inlet pulse of nickel was halted, the nickel concentration dropped sharply and an extended tail was recorded over many pore volumes. This behavior indicates that retention was extremely fast and strong (confirmed by the batch experiment in section 4.1.1). The trapping (adsorption and/or precipitation) time was very fast relative to the transport time, with a very long time needed before the nickel was released to the mobile phase. A succession of such adsorption and desorption and/or precipitation and dissolution events resulted in overall slow nickel transport through the column. Consideration of the spatial distribution of nickel concentration in the column sheds additional light on the transport behavior. Figure 7 shows two profiles obtained for the higher flow rate (6.0 mL/min), corresponding to the breakthrough curves shown in Figure 6b . The first profile (Figure 7a ) was obtained after 4.5 h, before nickel breakthrough was recorded (as seen in Figure 6b ). The nickel mass accumulated from the column inlet, and dropped linearly to zero at 14 cm distance from the inlet.
It is important to recall (section 2.3) that the measured nickel mass comprises both nickel in solution and the adsorbed/precipitated fraction, which were inseparable experimentally. In this profile, the nickel concentration was 100 ppm at the inlet and 0 ppm at the outlet. In contrast, the second profile ( Figure 7b ) was obtained after 30 h, i.e., 20 h after the nickel injection ceased; the nickel concentration at the inlet was 0 ppm, and smaller than 1 ppm at the outlet (which is equivalent to 0.039 mg per pore volume). Therefore, for practical purposes, the profile in Figure 7b represents the fraction of adsorbed/ precipitated nickel. Again, the profile is approximately linear in the column, with a slight decrease near the column inlet. Figure 8 shows breakthrough curve measurements of other elements leached from the soil, at the column outlet, recorded until the experiment was halted and the soil column analyzed (Figure 7b ). The breakthrough concentrations of nickel were consistent with those shown in Figure 6b , and are not shown here. The initial leaching of Na, Mg, and K from the soil can be observed in Figure 8a , before the nickel pulse began. The Al concentration in solution for the same period first rose and then decreased. Once nickel was introduced into the column, at a higher flow rate, the concentrations of Mg and K rose, indicating that nickel was exchanged with these ions. In contrast, Na concentration dropped sharply, once nickel was introduced, and continued to decrease further. These observations are consistent with the batch data that demonstrated release of Mg and K and capture of Ni. Aluminum was not detectable in solution after nickel was introduced; this is also consistent with its absence in the batch experiment (section 4.1.3). One explanation for this behavior may be physical exposure of Al from the soil surface, after leaching. Another reason is the higher charge concentration of Al compared to the other cations, which causes the relatively low solubility. During the 10 h period in which nickel was supplied to the column (Figure 8b ), the concentrations of K, Mg and Ca rose to maximal levels and then declined. The end of the nickel pulse and the flushing with DDW are clearly evident from the sharp drop in Ca, K and Mg concentrations, followed by long tailing. The 3 as dictated by the solubility constant K sp (which is pH and ionic strength dependent). The analysis was done after filtration of the effluent by 0.45 mm filters, so all species measured in the outlet solution are, by definition, considered soluble. Figure 8 demonstrates the strong effect of nickel injection and subsequent return to DDW wash on the effluent composition; this procedure leads to ''out-of-equilibrium'' conditions that change the outlet solution, as a result of complex interactions between the inflowing solution and the soil matrix (detailed below). Figure 6 . Experimental breakthrough curve data of nickel from two replicate experiments (circles and squares) with (a) flow rate of 2 mL/ min and pulse duration of 30 h and (b) flow rate of 6 mL/min and pulse duration of 10 h. , from the dissolution of CaCO 3 in the soil (see Figure 8) [Robbins, 1985] . A detailed analysis of this chemical process can be found in Appendix B; the calculations are in agreement with other studies reporting similar interactions [Businelli et al., 2004; Hoffmann and Stipp, 2001; Lakshtanov and Stipp, 2007] . Iron concentrations did not change significantly throughout the experiment (not shown), and Ca concentrations are not available for Figure 8a . The results for Mg and Na concentrations are similar to previous observations [Tyler and McBride, 1982] .
Model Simulations of Nickel Transport 4.3.1. Model Configuration
In the context of the above analyses of nickel retention (sorption and precipitation/dissolution) dynamics and bromide transport behavior, the nickel breakthrough curves and spatial concentration profiles shown in Figures 6b and 7 , respectively, were modeled using the CTRW framework, with particular emphasis on efforts accounting for both the breakthrough curve behavior and the spatial profiles. The slower flow rate curves ( Figure 6a) were not analyzed because the corresponding spatial profiles were not available, and computational times were prohibitive. 
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Application of a partial differential equation-based CTRW formulation (as discussed in sections 3.1 and 4.2.1), wherein retention was not treated explicitly but instead incorporated within the truncated power law pdf to account for concentration tailing, resulted in very poor correspondence to the nickel breakthrough curves (not shown). This can be attributed to the fact that the dynamics of retention depend on the local capacity and local concentration gradients, and are therefore location and time dependent; these features are not taken into account in the existing solution of the one-dimensional CTRW equation.
As a consequence, a CTRW particle tracking model for transport and retention (section 3.2) was developed. This approach is sufficiently flexible to account for changes in the domain geometric requirements and parameter variations for all retention mechanisms. As we explain below, we modeled the column experiments in different ways, to account for different chemical and physical aspects of reactive transport. First, we considered a one-dimensional (1-D) column with dimensions 20.0 cm 3 0.1 cm, with sorption alone, and the same 1-D column with sorption and precipitation/dissolution. The rationale behind the 1-D simulation was the common assumption that there is uniformity perpendicular to the flow. Another approach considered a pseudo-two-dimensional (2-D) rectangular column with dimensions 20.0 cm 3 2.5 cm (we use the term ''pseudo'' because the symmetry perpendicular to the flow is maintained). These simulations are discussed in section 4.3.1. In section 4.3.2, a 2-D domain, 20.0 cm long was investigated, with different ''triangular'' regions funneling the flow from the inlet, which then continued with a constant width channel to the outlet (hereafter referred to as the ''funnel'' domain). These latter geometries account (as a convenient but rough approximation) for convergence of the fluid flow into preferential pathways, which will be discussed in detail below (section 4.3.2). In all three cases, the basic CTRW transport parameter values obtained for the conservative (bromide) tracer were employed here: v w , D w , b, t 1 , and t 2 (see Figure 5 caption). Additional parameters included in the CTRW particle tracking model relate to the determination of precipitation/dissolution (Appendix B) and adsorption/desorption in each grid cell (section 3.2). Precipitation/dissolution rates were established by K sp calculations according to the literature [Clark and Bonicamp, 1998 ] while sorption isotherms (section 4.1.2, Figure 2) were employed, together with empirical modification of the adsorption and desorption capacities to account for the nonequilibrium conditions, as discussed below.
Precipitation and dissolution of NiCO 3 is a more probable process than sorption (as discussed in the previous section), so this was allowed to occur in the model prior to sorption. As stated in section 4.1.2, the pH of the NiCl 2 solution is 6.5, and in equilibrium (batch conditions) with Bet Dagan soil, the pH rises to 7. The pH of Bet Dagan soil is 7.7 [Ben- Moshe et al., 2013] , so in the flow-through experiment, we expect a gradient of rising pH from inlet to outlet. Taking an average pH for the availability of CO 22 3 , a weighted K sp for NiCO 3 precipitation can be calculated and used for the particle tracking simulation of Ni particles, by capturing/ releasing Ni particles according to the expected Ni value (see Appendix B). The major dissolution process occurs when the inflowing fluid is replaced by DDW, which has a pH of 5.5; hence, the pH gradient in the column is steeper, the mean pH shifts by 0.5, and the K sp is adapted accordingly in the particle tracking simulation. A detailed accounting of the nickel chemistry within the column and its implementation in the particle tracking code is given in Appendix B.
To account for the dynamics of adsorption and desorption, we relied on analysis of local concentration gradients and sorption capacity-space and time-dependent features-in the particle tracking simulations. We point out that the batch experiment described in section 4.1.1 demonstrated that adsorption was strong and fast; in that experiment, 100 g soil were exposed to 1 L of 100 mg/L nickel chloride, to allow reaching of complete equilibrium. For comparison, the transport experiments used the same inlet nickel concentration (100 mg/L), but the column contained $160 g of soil. Thus, with a corresponding pore volume of $39 mL, 1 L of inlet water corresponded to $26 pore volumes. As a consequence, and given the local nature of adsorption/desorption, we expected adsorption/desorption in the flow-through columns to affect breakthrough curves even more strongly than might be predicted from consideration of the batch experiment. Similar limitations on the adsorption and desorption isotherms identified in section 4.1.2 were expected, as these are valid only for systems in full equilibrium. For these reasons, while the batch parameter values were employed as a ''starting point'' in the CTRW particle tracking model, we explored modification of the ''strengths'' of S eq for adsorption and desorption capacity in our analysis. In this context, the adsorption and desorption capacities were multiplied by factors, either greater than or less than unity, respectively. In summary, the simulations for all flow domains used fixed transport parameter values from the conservative/bromide tracer case (Figure 5b) (see Appendix B), and adsorption and desorption capacities as fitting parameters to the measured curves; in all cases, parameter values were fixed and only one parameter was modified at a time. For each model configuration, the fitting procedure aimed to find model fits to both the breakthrough curve and the spatial profile. 4.3.2. One-Dimensional and Pseudo-Two-Dimensional Simulated Nickel Transport Figure 9 presents breakthrough curve fits of the CTRW particle tracking model for the 1-D and pseudo-2-D simulated domains, with and without modeling precipitation/dissolution effects. In the 1-D domain when precipitation/dissolution was neglected (dashed line), there was a strong overestimated release of Ni, both in breakthrough peak and after the Ni pulse ended. This is also evident from the spatial profile in Figure 10 , where the (sorbed) Ni peak location advanced along the column faster than the measured maximum; here the sorption isotherm fractions (S eq ) were multiplied by factors of 1.2 and 1.0, for adsorption and desorption respectively, in an attempt to match the breakthrough curve (note that this modified the amplitude, not the shape, of the isotherms). With the same sorption fractions, but considering also precipitation/dissolution in the 1-D case (solid line), Ni retention was stronger, as seen in the low release value of Ni in the breakthrough curve (Figure 9 ) during the time of pulse injection. Replacing the Ni with DDW after 10 h led to two regimes of Ni leaving the simulated flow cell: dissolution due to the pH change, which lasted up to 4 h after the pulse ended, followed by desorption. And yet, the spatial profile indicates underestimated retention beyond 2 cm along the column (solid line in Figure 10 ), meaning that in this scenario, most Ni mass retention occurred near the column inlet.
In these 1-D simulations, there was a large release of CO 22 3 due to the high Ni concentration, mainly near the inlet (not shown). This led to high adsorption and precipitation values near the inlet (Figure 10a , solid line) which is an artifact controlled by the isotherms and K sp value. This artifact is overlooked when focusing on the breakthrough curve alone (Figure 9 ). Replacing the Ni pulse by DDW, Ni was mainly dissolved (i.e., less Ni was desorbed because the dissolution process was stronger, and dissolved Ni in solution prevented release of sorbed Ni); however, some Ni was precipitated until a new equilibrium with the soil was reached (Figure 10b, solid line) , which led to the second step in the breakthrough curve (Figure 9 , solid line). This behavior held until the pH difference between the column water and the DDW became small, and desorption became more significant.
Clearly, the 1-D domain did not capture the full evolution of the breakthrough curve, even with modifications to the adsorption and desorption capacities. We argue that the 1-D simulations are inappropriate to describe the complex system, mainly because the chemical processes are highly sensitive to reactant concentrations. As a result, a pseudo-2-D simulation was conducted, with and without precipitation/dissolution Water Resources Research
(where now the S eq capacities were multiplied by factors of 1.4 and 1.0, for sorption and desorption, respectively), to attempt to match the breakthrough curve. The two simulations yielded the same results with the same retention parameters, so we present here the full retention model.
The main difference between the pseudo-2-D and 1-D cases is the allowance for concentration spread on the y axis (perpendicular to the flow), which changes locally the ratio between reactants, and thus retention dynamics. As can be seen in Figure 9 (dotted line), the first Ni leaving the column was later than the experimental breakthrough curve because, unlike in the 1-D case, there were many available sites for sorption. Hence, even when CO 22 3 is released, only very low quantities of Ni were available for precipitation (as NiCO 3 ) as determined by the K sp value; this led to the similarity between simulations with and without precipitation/dissolution. After the Ni pulse was replaced by DDW, the adsorbed Ni was spread over a large area, and due to the isotherm hysteresis (defined as time-based dependence of a system output on current and past inputs [see, e.g., Burgees et al., 1989; Limousin et al., 2007] ), Ni was rarely desorbed (i.e., adsorption is effectively irreversible) as can be seen in Figure 9 at times longer than 10 h. The sorbed quantity of Ni in the pseudo-2-D approach (Figure 10 , dotted line) fits well, even when neglecting precipitation/dissolution. This result shows that the Ni capture in the column reached equilibrium and did not change after the Ni pulse ended; this is seen from the two spatial profiles for the retention of Ni, with similar values over the first part of the column. Note that the spatial distributions in Figure 10 represent two snapshots in time; they do not display the full chemical evolution in time, unlike the BTCs in Figure 9 . 4.3.3. Two-Dimensional Funnel Geometry of Simulated Nickel Transport The 1-D and pseudo-2-D cases with an accounting for precipitation and dissolution represent two ''extremes'' of the retention process; a better description of the transport and reaction dynamics involves a combination of the two. As a consequence, we considered a ''funnel'' domain, which yields better results for the nickel breakthrough curve (as well as the spatial profiles). The shape of this domain represents an integrated, or effective, conceptualization of the converging preferential flow paths that concentrate the reactants. This approach is justified by the likely occurrence of preferential pathways, which affect the pattern of nickel transport through the soil column and thus the retention behavior. The pathways can be assumed to converge to a (''representative'') constant, narrow width (mimicking the limited number of preferential pathways that may arise). As noted in section 1, preferential pathways for fluid flow and chemical transport are ubiquitous in natural porous media, and present even in ''purely homogeneous'' porous media. In particular, as discussed in Edery et al. [2014] , preferential pathways tend to converge within relatively short distances from the inlet, with the majority of the flow subsequently contained within only a few pathways.
Clearly, the convergence of flow into preferential pathways also influences spatial patterns of adsorption/ desorption and precipitation/dissolution, according to the residence time of nickel through the soil column and its interaction with the soil solution components and sorption sites. Note also that for the conservative bromide tracer experiment discussed in section 4.2.1, preferential pathways have a minor effect on the (averaged) outlet flux and tracer breakthrough curve, and hence need not be modeled explicitly.
Figures 11 and 12 present BTC and spatial profile results for ''funnel'' domains with varying shapes (see inset in Figure 11 ). The first domain considered was rectangular near the inlet, with the ''funnel'' effect starting 5 cm from the inlet and ending 20, 15, and 10 cm from the inlet with outlet apertures of 0.2, 1, and 2 cm, respectively (solid, dashed, and dotted lines, respectively, in Figures 11 and 12) . After reaching the aperture width, the domain had a constant width through to the outlet. A second domain defined the ''funnel'' shape from the inlet face, and reached 0.2 cm width after 10 cm from the inlet, continuing with a constant width to the outlet (dashed-dotted line in Figures 11 and 12 ). The ''funnel'' domain was intended only as a rough approximation of the unknown preferential pathways and pH variability (especially caused by the DDW injection), which dictate how much of the domain is actually participating in the reaction dynamics. Here our intention was to demonstrate the critical interaction between preferential pathways and reaction dynamics, and the need to account for this in modeling efforts. Due to the inherent variability in preferential pathway formation, we make no attempt to obtain an ''exact'' fit to the specific measurements. Also, in light of these uncertainties, and to further improve matches to the measured breakthrough curve and spatial profiles (Figures 11 and 12) , the adsorption and desorption S eq capacities were multiplied by factors of 1.4 and 1.0, respectively for all domains. We note further that the parameter values employed in the simulations were constrained as they were chosen to match both the breakthrough curve (Figure 11 ) and the spatial profiles (Figure 12 ).
The first simulated domain (Figure 11 , solid line) yielded a breakthrough curve that started at the same time as the measurements, and matched the increase and peak in outlet concentration. When switching from the injected Ni pulse after 10 h to DDW, the curvature (decreasing tail) followed the measurements but was higher in value. This was likely due to the pH difference between the injected NiCl 2 pulse and the DDW that follows. Desorption and dissolution were dominant when DDW was introduced, and the pH difference between the DDW (pH 5 5.5) and the soil was an order of magnitude larger than the pH difference between the NiCl 2 fluid and the soil (for which absorption and precipitation were dominant). Therefore, the pH gradient along the column was stronger after switching to DDW, and in many respects more difficult to quantify precisely.
As the outlet channel of the funnel increased to 1 and 2 cm (dashed and dotted lines, respectively, in Figures 11 and 12) , the initial breakthrough time increased due to the additional adsorption sites that are Figure 11 . CTRW particle tracking fit to the experimental breakthrough curve data of nickel. Flow rate 6 mL/min, and pulse duration 10 h (corresponding to Figure 6b ). Four particle tracking simulation schemes with ''funnel'' (triangular) domains are shown. The curves in the inset exemplify the funnel geometrical setup in each of the simulations: (i) funnel starting 5 cm from the inlet and ending with 0.2 cm width at 20 cm from the inlet (solid line), (ii) funnel starting 5 cm from the inlet and ending with 1 cm width at 15 cm from the inlet (dashed line), (iii) funnel starting 5 cm from the inlet and ending with 2 cm width at 10 cm from the inlet (dotted line), and (iv) funnel starting from the inlet directly, reaching 0.2 cm width after 10 cm from the inlet, continued by the same width till the outlet (dashed-dotted line). Values of fitting parameters are identical to those for the conservative bromide tracer case, for a flow rate of 6 mL/min (see Figure 5b and caption); calculated weighted values of K sp for precipitation and dissolution, 2.2 3 10 27 and 7.5 3 10 28 (mol/L) 2 , respectively, were used for all simulations while adsorption and desorption capacities were multiplied by factors of 1.4 and 1.0.
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available. As such, the saturation value per location was lower because the dissolved Ni in solution was lower, which then led to higher peak values later in time. This peak value cannot be compensated for by precipitation because the latter depends strongly on the Ni solution concentration; as such, precipitation has only a secondary effect on the retention of Ni. Switching the inlet solution to DDW decreased the exit rates of Ni, mainly due to the hysteresis effect of adsorption/desorption and redistribution of Ni in the flow cell, as discussed in the previous section. This redistribution effect of Ni is apparent in Figure 12b (unlike for the earlier time in Figure 12a , where the Ni distributions are identical) for the different funnel geometries, mainly near the outlet. This is attributed to the change in available sorption sites that interact with the sorption capacity and hysteresis, with the precipitation/dissolution capacity as a secondary effect.
Considering the fourth simulated domain with the same retention parameters (dashed-dotted line in Figures 11 and 12 ) yielded the same temporal (breakthrough curve) results as for the first domain (solid line) in Figure 11 . In contrast, there was a significant difference in the Ni capture distribution shown in Figure 12 . This can be traced to the hysteresis effect of sorption, where the differences between solution and sorbed Ni concentrations were due to local changes in concentrations.
Clearly, other domain structures and assumptions regarding adsorption/desorption capacities could be assumed for this purpose; the intention here was to illustrate the critical role of preferential pathways as one of the governing factors in the overall reaction dynamics and transport behavior, together with the need to consider both sorption and precipitation/dissolution mechanisms. These subtleties are absent from the other (1-D and pseudo-2-D) spatial configurations considered in the simulations. The pseudo-2-D domain simulation with the same parameters as for the ''funnel'' domain did not capture the breakthrough curve (Figure 9 ), but did capture the spreading of nickel integrated over the y axis throughout the domain (Figure 10 ), without including precipitation/dissolution because the concentrations of Ni did not allow it; as such, nickel did not exit the column because full saturation of sorption sites was not achieved.
In the 1-D domain simulation, the nickel migrated at high concentration through a single pathway from inlet to outlet and the strong adsorption due to the high nickel concentration was not adequately quantified. After the nickel injection was replaced by DDW, the breakthrough curve was controlled by the large amount of adsorbed and precipitated nickel, hence dissolution and desorption effects led to significant overestimation of the breakthrough curve tail.
Discussion and Concluding Remarks
This study encompassed an experimental and modeling analysis of nickel transport and retention in a natural soil. The retention mechanisms are complex and involve interactions among the soil constituents. Batch experiments showed that adsorption was in this case fast and strong, while the equilibrium isotherms were highly nonlinear and demonstrated clear hysteresis. The isotherms proved to be an approximation, at best, for the flow case, partially due to the dynamic nature of the flow in reactive transport, which constantly shifts the local concentration of reactants. As a consequence, equilibrium for sorption was never fully attained. Moreover, batch experiments do not distinguish between adsorption/desorption and precipitation/dissolution. Under equilibrium (e.g., batch) conditions, precipitation/dissolution is not significant because ion release inhibits this process; but under flowing conditions, the ion concentration is out of equilibrium and the precipitation/dissolution process becomes important. Analysis of ion exchange behavior showed that precipitation and dissolution of nickel were nonnegligible. A novel feature of the study was the determination and analysis of spatial concentration profiles of nickel, which were used to provide insight into the sorption and precipitation/dissolution dynamics and to further constrain the modeling analysis. The coupled sorption, precipitation/dissolution, and transport processes led to very slow initial breakthrough of nickel through the soil column, and extended concentration tailing at long times, observed both in the spatial profile along the column and in the temporal breakthrough curve data.
The results of the current study offer a different perspective on the role of preferential pathways on reactive transport and an alternative, effective modeling strategy to capture the temporal and spatial patterns of the nickel transport and retention dynamics. We described the dynamics of transport, precipitation/dissolution, and adsorption/desorption in terms of a CTRW particle tracking model, which allowed us to capture the (weak) non-Fickian transport, the subtle local effects of adsorption/desorption, and the precipitation/dissolution dynamics by applying different rate constants for each case. In addition, consideration of preferential pathways was suggested as an important factor required to account for the evolution of the measured breakthrough curve and measured spatial concentration profiles. The model used transport parameters estimated from the conservative tracer, calculated parameters of precipitation/dissolution by the ion analysis and pH, and, as a starting point, adsorption/desorption parameters based on batch experiments. The batch parameters were found to underestimate the actual amount of adsorption. The analysis showed that sorption parameters determined from the batch experiments can be used with an accounting for local variations in concentration and modification of the estimated sorption capacities, while allowing for flow heterogeneity to control the transport via preferential pathways. Our main effort was to highlight the need to account for the critical interaction between preferential pathways and reaction dynamics, rather than to search for an ''exact'' fit to a specific realization of a laboratory measurement. The results shown here are in accord with ubiquitous observations of preferential flow found in field studies [e.g., Vervoort et al., 1999] . The combination of processes considered to account for the mobility of Ni, as demonstrated here, appears necessary to describe Ni behavior in soils. Future studies would benefit from improved capabilities to reduce computational times for the numerical simulations.
Accounting for ion exchange in this study is seen to be significant, as it sheds light on the chemical dynamics. A careful survey of ion exchange, based on chemical analysis of the soil solution composition during the experiments, with an accounting for pH variations, is required to incorporate additional chemical processes such as precipitation and dissolution. All injected species should be considered (i.e., Ni 21 and Cl 2 , rather than just Ni 21 ), as well as products from the ion exchange process. As shown here, other retention processes can occur as a byproduct of ion exchange, providing a second sink term for metals that is not differentiated in batch experiments or in spatial or temporal column experiment measurements.
Notwithstanding the extensive literature on preferential pathways, previous modeling studies of metal (and specifically nickel) transport and sorption in natural soil columns have not explicitly incorporated preferential pathway effects, nor have they examined spatial concentration profiles in addition to breakthrough curves. The role of preferential pathways is seen to be an additional critical, governing factor.
In the simulations, once the composition of ions in solution in each grid cell is calculated, we can consider if the presence of the injected nickel ions will cause precipitation of nickel salts. Because precipitation reactions of other (noncarbonate) salts, such as nickel hydroxide or nickel bicarbonate, are unlikely due to their much higher solubility, and for simplicity (as the soil system contains a large number of components and numerous combinations of potential precipitates), we consider here only the leading precipitation product, nickel carbonate (NiCO 3 ). While other precipitates many have some influence over the actual results, these are of relatively low importance. , which originates from carbonate dissolution, as discussed above) to produce soluble salts (CaCl 2 , MgCl 2 , NaCl, KCl, or similar bicarbonate soluble salts). Upon replacement of the NiCl 2 solution by DDW, chloride is no longer provided; however, because of the lower pH of the DDW, the release of ions to solution occurs from dissolution of carbonates. In the experiment, at this point, the [Ca 21 ] was measured to be $5 mg/L (Figure 8) , and because the soil acts as a strong buffer, the pH is assumed to be $7.0; this yields (as explained above) carbonate concentrations in the range between 1.2 3 10 24 and 2 3 10 25 mol/L. Employing the carbonate concentrations in the range corresponding to the DDW wash, in equation (2a) 
